The experimental results of Ground Effect of a wing mounted with tip sails are introduced in the paper. The objective of the study is to simulate and evaluate the flow control efficiency of primary feathers to the wing of a pelican skimming over water surface. Compared with a NACA4412 prototype wing, the experimental results show that, for the same ground clearance, the lift coefficient of the tip-sails wing increases significantly and the stalling angle of attack decreases, the drag coefficient keeps nearly unchanged at small angle of attack (AOA) and decreases obviously at higher AOA. The tip sails increase the slope of the lift coefficient curves, the maximum lifts rise by 11.03% and 8.26% compared to those of the prototype wing for ground clearance h*=0.15 and h*=0.5, respectively. The lift-to-drag ratio is improved as well at higher AOA and lift coefficient range. The vorticity contours of tip vortices of two types of wings show that, the vortices cores move outboard due to the ground effect. The concentrated vorticity distribution of the prototype wing is scattered by the tip sails, and spread over a larger area. For the tipsails wing, the vortices at h*=0.15 are scattered much more than the vortices at h*=0.5 and the intensity of the vortex is much lower. The dissipation of the tip vortices is accelerated due to the inhibition by the ground clearances and the spreading by the tip sails to the vortices.
Introduction
By observing birds flight, researchers find that the primary feathers at the wing tips of birds of prey that soar over land separate both horizontally and vertically to play a role of flow control, as shown in Fig.1 . In 1978, Spellman [1] inspired by the wing tip feathers structures, designed the small devices similar to primary feathers and mounted in the wing tip named "wing tip-sails". Then an experiment was conducted in a wind tunnel to investigate the aerodynamics of the tip-sails wing, and the results proved that the wing tip sails are very useful in reducing the induced drag. In 1993, Tucker [2] carried out a wind tunnel experiment on a basic wing mounted on the tip with four primary feathers of a Harris' hawk to simulate the aerodynamics of wing of gliding birds. The total drag of the wing was decreased and the lift was increased slightly compared to the basic wing. In 1995, Chen and Qi [3, 4] optimized the wing tip sails for an aircraft with rectangular wings, the optimization parameters of the tip sails are as follow: the span is about 25%-30% length of the basic wing chord, the leading edge sweep angle is 18°, the relative torsion angle between wing root and wing tip is 12 degree, and the area of the tip-sail is 3% of the basic wing. And the results show that the tip sails have observable efficiency in reducing induced drag. In 2006, Al-Atabi [5] fitted three small lifting surfaces to the tip of a NACA0012 wing similar to that of the wing tip feathers, the tests show that tipsails could decrease the induced drag, increase the longitudinal static stability and break the tip vortices.
In1977, Withers [6] recorded motion picture of black skimmers flapping and skimming over a water surface by the camera. The flight velocities and the wing-beat frequency were achieved by analyzing the films. The conclusion is that ground clearance has a great effect upon the foraging energetics and daily energy balance of skimmers.
The pelicans, one of the skimmers (shown in fig.2 ), catch their prey by skimming close to the surface of the water, and has an ability to glide for a considerable distance with only intermittent and low amplitude flapping its wings, and its primary feathers separate both horizontally and vertically during gliding for flow control. In order to simulate and evaluate the flow control efficiency of primary feathers of a pelican skims over water surface, an experiment was conducted in a towing tank to investigate the lift/drag forces and tip vortex structures of a rectangular main wing mounted with three tip sails in the vicinity of the ground. 
Experimental setup and conditions
The experiment was carried out in a towing tank which is equipped with a trailer (Fig.3) . The towing tank is 6 meters in length, 0.5 meters in width and 0.5 meters in depth. The water depth can be changed according to the experimental requirements. The walls of towing tank are made of glass which gives optical access for the PIV experiment. The lift/drag forces and velocity fields of tip vortices of the wing in the vicinity of the ground are measured, the angle of attack α is varying from -4°to 25°, and ground clearance h * between main wing and the ground is changing from 15% to 50% of chord length. The chord of the main wing is 130mm with a NACA4412 section, and semi-span is 195mm, the aspect ratio is 1.5. The three tip sails are mounted on basic wing tip and occupied one side of the basic wing from 35%-87% of chord length (shown in Fig.4 ). The parameters of the three identical tip sails are referred to the optimized design by Chen & Qi [3, 4] ,and Jiang [7] , and the parameters of tip sails are as follow: the span is 45mm, the root chord is 20mm and the tip chord is 10mm with a NACA23012 section, and the relative torsion angle between wing root and wing tip is 12°, the sweep angle of the leading edge is 82.4°, three different dihedral angles are 15°, 0° and -15°, and the mounting angles are -18°,-15°,-12°,respectively. A guide board is used to connect the main wing and a three-component transducer which fixed on the trailer. The guide board mounted on the up surface of the wing at 25% of the chord length from the leading edge. The towing speed for present study is u=1.5m/s, and the Reynolds number based on the chord length of the basic wing is 1.3×10 5 . The lift/drag forces are measured by the transducer. The velocity distributions of the tip vortices are measured using a time-resolved 2D PIV system. A cross-sections normal to the moving direction of the wing was illuminated by a laser sheet from the bottom of the towing tank, and the high speed camera is set up at the outside of the right end of the tank to capture the TR-PIV images. 
Results and Discussion

Hydrodynamics on the wing
In the legend of the figures, the letter "T" means that tip-sails wing and "P" means prototype wing. Figure 5 shows the variation of lift coefficients C L of tip sails wing and NACA4412 prototype wing for the angles of attack at the ground clearance h*=0.15 and h*=0.5. For the same ground clearance, the tip sails increase the slope of the C L curves compared with that of prototype wing, the maximum lift coefficients C L are 11.03% and 8.26% larger than the prototype wing for ground clearance h*=0.15 and h*=0.5, respectively. However, the stalling angle for tip-sails wing at h*=0.15 is smaller than that of prototype wing, and it remains almost unchanged at h*=0.5 for the two types of wing due to the weakening of the ground effect. The negative lift force occurs at larger angle of attack for the tip-sails wing compared with the prototype wing, in other words, the tip sails increases the zero lift angle. Figure 6 shows the variation of drag coefficients C D of two types of wing for AOA at the ground clearance h*= 0.15 and h*=0.5. Compared to the prototype wing, the C D of tip-sails wing gets tiny decline at small AOA below 5°, and it decreases even more as soon as AOA above 5° for two ground clearances. Figure 7 shows the variation of C L /C D ratios of tip sails wing and prototype wing for AOA at the ground clearance h*=0.15 and h*=0.5. To compared the C L /C D curves of the tip-sails wing with the prototype wing, the magnitude of lift-to-drag keeps nearly the same for two wings at same ground clearance, the tip sails does not increase the maximum value of the lift-to-drag ratio, the curves are merely parallel translated, leads to the tip-sails wing has higher lift-to-drag ratios when the AOA exceed 5° for both ground clearances. Figure 8 shows the variation of the lift-to-drag ratio with the lift coefficient for each ground clearance. For prototype wing, the lift-to-drag ratio reaches its peak value when the lift coefficient is 0.345 for ground clearance h*=0.5 and 0.424 for h*=0.15. And for the tip sails wing, the peak of lift-to-drag ratio is delayed to C L =0.6405 for ground clearance h*=0.5 and C L =0.67 for h*=0.15. That is to say the maximum value of lift-to-drag ratio is achieved at higher lift coefficient for the tip-sails wing. The induced drag is directly related to the intensity of the tip vortex. The vorticity of tip vortices is discussed in this section. Figure 9 shows the evolution of the maximum vorticity of the tip vortices along the downstream at the angle of attack 2° (a) and 12° (b) for two different ground clearances. The vorticity of the tip-sails wing reduced about 20% than that of the prototype wing at α=2° on average, and it declines about 60% at α=12°. With increasing of AOA, the difference of vorticity between the two types of wing is increased. The tip vortices dissipation is more apparent caused by tip sails. That means the tip sails is efficiency in weakening the vortices for higher AOA, the closer to the ground the lower the tip vorticity. Figure 10 , show the vorticity distributions and Fig.11 shows the velocity contours of the tip vortices on the cross section normal to the incidence flow direction in the downstream of the wing, and the position of the cross section is 130mm(x/c=1.0) away from the trailing edge of the wing. The angle of attack is 12° and the ground clearances are h*=0.15 and h*=0.5. The black dashed lines mark the position of the trailing edge of the wing. The tip vortex is inhibited and squeezed outboard spanwise due to ground effect. The distance between the core of vortex and wing tip is increasing as the wing gets closer to the ground. The tip sails break the concentrated tip vortices into weak vortices and accelerate the dissipation of the tip vortices. To compare the vorticity distribution of the tip-sails wing at two different ground clearances, the vortices at h*=0.15 is scattered much more than that at h*=0.5 and has much lower intensity. As a result, in ground effect, the tip sails have observable efficiency in weakening the tip vortex and reduce the induced drag when the AOA exceeds 5°. 
Tip vortices
Conclusions
The hydrodynamic results show that the tip sails increase the lift force of the wing. Compared with drag force of prototype wing, it is more efficiency in reducing the drag force at higher AOA for the tip-sails wing at two ground clearances, which brings about the lift-to-drag ratio of tip-sails wing is higher than that of prototype wing when the AOA is larger than 5°. The tip vortices dissipation at the downstream distance is increased for tip-sails wing. The wing tip vorticity of the tip sails wing are much smaller than that of the prototype wing and the induced drag is reduced. However, the mounting of tip sails enlarges wing area, leads to the increasing of the friction and pressure drag, or to say the decrease of induced drag is compensated by the increase of friction and pressure drag. Therefore the drop of the total drag is not significant compared with that of prototype wing in ground effect, the increase of lift-to-drag ratio of tip-sail wing is mainly caused by the increase of lift force.
